We demonstrate that a periodic lattice of detuned resonators can suppress the THz extinction at the central resonant frequency, leading to an enhanced transparency due to diffraction. The system consists of metallic rods of two different sizes, each of them supporting a strong half-wavelength (λ/2) resonance, which are spatially displaced 0 M. C. Schaafsma and A. Bhattacharya contributed equally to this work.
cently demonstrated the existence of a transparency window in the transmission spectrum of a system of two coupled particles of different dimensions, such that their dipolar resonant frequencies are detuned from each other at optical frequencies. [13] [14] [15] The mechanism leading to this transparency window is the radiative coupling between the two resonators and the destructive interference of the electromagnetic fields radiated into the far-field, and can be described as a coupled resonator induced transparency. 16, 17 Other examples include resonators coupled to a waveguide, 18, 19 coupled microcavities 20 and ring resonators.
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In this article, we demonstrate a spectral transparency window at THz frequencies with nearly perfect transmission in a periodic lattice of metallic rods with different dimensions.
In contrast to previous works on detuned resonant particles, [13] [14] [15] we consider here a periodic lattice of detuned resonators, which supports surface lattice resonances (SLRs). These resonances are the result of the enhanced radiative coupling of the localized resonances in the individual particles through diffraction orders in the plane of the array (Rayleigh Anomalies). [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Periodic arrays of detuned dipoles have been recently considered by Humphrey et. al. as a means to reduce the line-width of surface lattice resonances. 34 Our experimental results show a highly enhanced group-index, i.e., reduced group velocities, in the transparency window. Since the periodic arrangement of particles are responsible for the enhanced transparency of the sample, we term this phenomenon as diffraction enhanced transparency (DET). These results are explained with a coupled dipole model, which describes the system as interfering SLRs. Slow THz light has been reported in several works. [35] [36] [37] [38] In contrast to these works, our system of detuned-dipoles shows a simple approach to engineer frequency selective transparency windows with very large transmission and group velocity reduction.
The group velocity reduction is significantly larger than in plasmonic induced transparency systems. 7, 8, 39 The enhanced reduction of group velocity is a result of DET not relying on near-field coupling, but on the interference of surface waves, as shown in the manuscript.
These remarkable properties make these arrays interesting components for the emerging field of THz communication.
Sample design and measurements
Using optical lithography, metal deposition and lift-off, we have fabricated samples containing 2D periodic lattices of gold rods on top of a 3 mm thick amorphous quartz substrate.
Before the thermal evaporation of the 100 nm gold layer a 2 nm chromium adhesion layer was deposited. is larger than that of the long rods, which ensures a similar volume and surface coverage for the two types of rods. The lattice has a square symmetry with a period of 300 µm in both directions. The separation between the detuned resonators is 150 µm along the short axis of the rods.
A similar sample was prepared in which the short rods were replaced by the long rods in each unit cell. An optical microscope image of this sample is shown in Figure 1 The experiments were carried out using a THz time domain spectrometer. In this setup a train of femtosecond pulses with a central wavelength of 800 nm from an Ti:Sapphire 
where
is the phase delay spectrum. We define the THz extinction spectra of the samples as
The extinction spectra are shown in Figure 2 The phase changes sign at the frequency of maximum extinction, but recovers its positive values at the transparency frequency (marked with the dashed line in the figure), where the system is highly dispersive in spite of the vanishing extinction. The phase delay, as defined earlier, can be written as,
where, φ(ν) is the phase introduced solely by the array of the detuned resonators, φ quartz (ν) is the phase introduced by the quartz substrate (which is the same for sample and the reference) and φ 0 (ν) is the phase introduced by the layer of air with the same thickness as the lattice of detuned resonators. Therefore,
where k(ν) is the wave vector in the array of the detuned dipole and k 0 (ν) = 2πν/c is the wave vector in air and L is the thickness of the array of resonators. The group index can be determined from the phase delay using the following expression This remarkably large change in group index, corresponds to a group velocity of 5 × 10 3 m/s at 0.45 THz, i.e., at the frequency of full transmission. At this frequency the wave is delayed by scattering within the array and is re-radiated in the forward direction. In comparison, it can be seen that no such dramatic increase in the group index is observed for the array of identical dipoles.
We have performed more measurements to elucidate the mechanism of such a unique spectral behavior. First, we have measured a random array of the detuned resonators to illustrate the influence of the periodic array on the DET. We see from Figure 3 
Coupled dipole model
We have used a coupled dipole model to elucidate the underlying mechanism that gives rise to DET. For simplicity we have considered a 1D chain of dipoles embedded in a homogeneous environment with the refractive index of quartz (n=2). These approximations facilitate the interpretation of the results, without reducing their generality.
The extinction cross section of an ensemble of metallic scatterers is related to the amount of work an incident electromagnetic wave does while driving the conducting electrons of these scatterers. This cross section can be expressed in terms of the wavenumber k, the polarization p i of the i th -scatterer and the incident field E inc i according to the following equation,
The polarization in turn depends on the incident field, the properties of the scatterer like 
The interaction through scattering between two sub-wavelength scatterers as a function of their respective distance r can be approximated with the dipole-dipole interaction tensor G(r). 44 Considering the sum over all dipoles gives
In an infinite periodic lattice that is illuminated by a plane-wave, the behavior of all unit cells is identical over the full array and similar scatterers will have similar polarizations.
When each unit cell contains two -not necessarily similar-scatterers the sum over all dipoles in Eq. (8) can be split in two contributions: one accounting for the interaction with all like dipoles, and the other accounting for the interaction with all unlike dipoles. If we label the dipoles either • or •, we can express the polarization of Eq. (7) as
and
Equations (9) and (10) can be re-written in matrix form E inc = M · P, where the matrix M accounts for the diffractive coupling. More explicitly,
Each of the S matrices contains a lattice sum, which is defined as
where A and B correspond to either • or •.
The dipole interaction tensor takes a simple scalar form, G(r), when a 1D chain of dipoles is considered and the polarization is orthogonal to the direction of the chain. The scalar approximation is justified since, as a result of symmetry, the polarization of the particles is always parallel with the polarization of the incident field. The interaction tensor can be simplified to
in which r is the distance between the respective dipoles. Solving the above equations for P, and applying Eq. (6), the total extinction cross section of the array can be expressed as
The periodic array of the long rods is a limiting case of this equation in which we have α • = 0. In this case Eq. 14 is reduced to
For the calculations the rods are approximated as perfect electric conductors, i.e., the permittivity of the metal is −∞. The polarizability of the particles is calculated assuming that they have an ellipsoidal shape 46 and using the modified long wavelength approximation described in Ref. [ 43] , which accounts for a finite size dynamic polarization and radiative damping. This results in
where V is the volume, d the length and F the form factor of the rods for a wave vector k. • of each rod. Both the quantities are in units of inverse volume. Figure 5 (a) displays the calculated spectrum using Eq. 14 for arrays of detuned dipoles with dimensions similar to those used in the experiments. This spectrum shows a sharp resonance with an enhanced extinction followed by a window of diffraction induced transparency at 0.45 THz. This window, indicated by the vertical dotted line in Fig. 5(a) , qualitatively reproduces the main characteristics from the experimental response of the detuned dipoles as shown in Fig. 2(a) .
The interference of the fields scattered in the plane of the array by the individual lattices of the detuned resonators, indicated by the lattice sum S •• , is essential for explaining Fig. 5 .
If we consider S •• = 0 in Eq. 14, the equation is reduced to
This expression corresponds to the incoherent sum of the extinctions of the two individual lattices of long and short rods, and is plotted in the Supporting Information in Fig. S2 .
Both C • and C • are SLRs which have finite and positive extinctions for frequencies lower than the Rayleigh anomaly. Therefore, the incoherent sum can not vanish. This situation is represented in the measurements of Fig. 3(b) by the black dotted curve and is distinctly different from the diffraction induced transparency shown by the red open circles in Fig. 2(a) .
The necessity to include S •• in our analysis confirms that DET is the result of the interference of the electromagnetic fields scattered in the plane of the array defined by the lattice sum of equal and unequal scatterers. ...,
where a is the period of the lattice. Hence, the periodicity is the same for both lattice sums, which explains the divergence at the same frequencies; However, they are out of phase, which explains the opposite signs. The large group index, i.e., low group velocity, described in the previous section with the measurements can be understood by the delay in the wave propagation introduced by scattering into the surface modes of the array. We note that the experimental results do not show a strong reduction of the extinction due to Rayleigh anomalies for single SLRs (open circles and triangles in Fig. 3(b) ). This discrepancy with the calculations can be explained by the presence of air-quartz interface in the experiments.
This interface leads to an inhomogeneous surrounding around the particle array. However, the inhomogeneous surrounding does not suppress the DET window introduced by the array of detuned resonators in the measurements, which confirms the robustness of these structures for the realization of induced transparencies. • (green curve) as presented in Eq. 14.
The dependence of the extinction with displacement between the two detuned dipoles within the unit cell is shown in Fig. 6 . Figure 6 (a) shows the spectra calculated for three different displacements: 150 µm (red curve), 100 µm (black curve) and 75 µm (blue curve).
The curves are vertically offset to elucidate the spectral features with respect to each other.
The Rayleigh anomaly, which is represented by the dash-dotted vertical line at 0. 
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For We demonstrate that a periodic lattice of detuned resonators can suppress the THz extinction at the central resonant frequency, leading to diffraction enhanced transparency (DET). The system consists of metallic rods of two different sizes, each of them supporting a strong half-wavelength (λ/2) resonance, which are spatially displaced within the unit cell of the lattice. Using a coupled dipole model we show that the DET window has its origin in the interference between two surface lattice resonances, arising from the diffractively enhanced radiative coupling of the λ/2 resonances in the lattice. Group-index measurements show that the THz field is strongly delayed by more than four orders of magnitude at the transparency window. Since DET does not involve the near-field coupling of resonators, the fabrication tolerance to imperfections is expected to be very high. This remarkable response renders these systems as very interesting components for THz communication.
